Perfect indenter geometry is quite difficult to manufacture, especially in the nano and macro scales. Indentation curves obtained with imperfect indenter geometry can show strong differences with those obtained with assumed perfect indenter geometry, thereby leading to erroneous data exploitation results.
Introduction
The instrumented indentation test allows for an evaluation of mechanical properties of materials at macro, micro, and nano scales. The major assets of this test are its easy application at small scales and its quasi non destructive aspect. The indentation data, or indentation curve, is obtained by continuously measuring the applied load F and penetration depth h of a stiff indenter of known geometry normally to the surface of the tested sample. Fig. 1(a) ) or sink-in ( Fig.   1(b) ) at the surface of the sample. These values are referred to as the penetration depth h, the contact depth h c , the surface contact radius a, and the contact radius a c . Most data analysis methods are based on ideal indenter geometry. However, perfect geometry is quite difficult to achieve at low scales, therefore inducing major errors when analysing instrumented indentation data.
In the case of sharp indenters, which are widely used for the evaluation of elastic modulus and hardness due to their geometrical self-similarity, Oliver and Pharr [1] suggested a since widely-used area function to take account of indenter bluntness in the case of a Berkovitch 3-sided pyramid, expressed by Eq. (1) .
with A c the contact area, 24.5 the proportionality factor between A c and the square of h c in the case of an ideal Berkovitch indenter and C i the additional factors which represent the bluntness of the indenter tip.
In the case of spherical indenters, which are very convenient for the evaluation of flow properties because they induce penetration depth-dependent stress-strain fields, the analysis of the indentation data is subject to a length scale, i.e. the indenter radius, and the data analysis spherical geometry is applied to ideal, initial, and corrected data to confirm the relevance of the proposed correction method.
Numerical highlight of the effect of indenter geometry on the indentation curve
The geometry of an actual axisymmetric rounded tip carved in bulk tungsten carbide of nominal radius 0.25 mm is used. This indenter was used in some of the authors' previous work [26] . The profile of this indenter was measured by Scanning Electronic Microscopy (SEM). Furthermore, in order to assess its smoothness, the profile was fitted by a sum of three power law functions as expressed by Eq. (3).
The measured profile is compared to the fitted profile and to a spherical profile of radius R'=0.25 mm in Fig. 2(a) , and the difference between the fitted profile and the measured profile is shown in Fig. 2 The indented material obeys isotropic linear elastic behaviour with a Young modulus E=210 GPa and a Poisson ratio ȣ=0.3. The plastic yielding is predicted by the Von Mises yield criterion, the plastic behaviour is isotropic, and the isotropic hardening is described by the Hollomon power law, expressed by Eq. (4).
where ı is the true stress, İ the true strain, ı y the yield stress and n the hardening coefficient.
The twelve ı y and n value sets are chosen in order to cover a large range of materials, as shown in Fig. 4 . 
The volume under the contact radius a c of a sphere of radius R B is obtained from Eq.
.
The analytical inversion of Eq. (6) leads to to the expression of the equivalent sphere radius R B in Eq. (7). The availability of an instantaneous equivalent sphere radius allows for an instantaneous dimensionless transformation of the indentation curve. For that purpose, the physical quantity which is considered equal for the spherical and the non spherical indenter is the mean contact pressure, as expressed by Eq. (8) in the case of the use of the contact data. 
where F' and a' c are the transformed load and contact radius corresponding to the indentation by an ideal spherical indenter of radius R'. In order to fulfil this condition, the load and contact radius are respectively transformed as expressed by Eq. (9) and Eq. (10).
The transformed contact depth h' c is obtained from the transformed contact radius radius a c from the geometrical relationship applicable to a sphere of radius R' as expressed by Eq. (11).
In the case of the use of the penetration data, the same equations are used, after removing the subscript c.
Use of the penetration data
The contact depth h c , and consequently the contact radius a c and the indenter volume V c under the contact surface, cannot be deduced from the monotonous F-h curve used by reverse analysis models. Indeed, this information would require either the analysis of unloading curves, or the observation of residual imprints [8, 9, 25]. However, the surface contact radius a and the indenter volume V under the initial sample surface can be directly deduced from the known penetration depth h and the profile of the indenter. Therefore, in a first approach, the penetration data, i.e. h, a and V, is used. Fig. 8 shows the results of corrections A and B using the penetration data.
Fig. 8. Corrections A and B using the penetration data
The result of the corrections is mostly dependant on the hardening coefficient n. The effect of the irregularities of the non spherical indenter profile is mostly observable for n=0.0, i.e. apparition of strong pile-up, as brought out by squares. Method A produces poorer results as the n value increases, whereas method B produces good results with the increase of the n value, i.e. in the case of moderate pile-up, no pile-up or sink-in, or sink-in.
Use of the contact data
Although method B seems to provide adequate results in Fig. 8 , the dependence on the n value, i.e. the apparition of pile-up or sink-in, suggests that the contact data could be more appropriate for an optimal correction of the indentation curves. Experimentally, the knowledge of the contact data requires more information than the monotonous F-h curve only, i.e. the analysis of unloading curves or the observation of residual imprints. However, in the context of this numerical investigation, the contact data can be obtained from the finite element method code. Fig. 9 shows the h c /h ratio versus h for the twelve studied materials, obtained with the spherical indenter and the non spherical indenter. Overall, the non spherical indenter produces a higher h c /h ratio for low n values and a lower h c /h ratio for high n values.
The availability of the contact data for both indenters allows for its use in Eq. (5), (7), (9), (10) and (11) . For a given penetration depth of the non spherical indenter, the corresponding contact data is used for the transformation. After transformation, the penetration depth of the spherical indenter corresponding to the transformed contact depth is used for the transformed F'-h' curve. Fig. 10 shows the results of corrections A and B using the contact data.
Fig. 10. Corrections A and B using the contact data
The result of the corrections is mostly dependant on the hardening coefficient n.
However, the irregularities of the non spherical indenter profile show no effect on the corrected indentation curves. Method A produces poorer results as the n value increases, as in the case of the use of the penetration data. However, method B produces quality results for all materials, i.e. independently of the n and ı y values.
These results show that a relevant method to correct the effect of imperfect spherical indenter geometry on the F-h curve is to consider the equality of mean contact pressures obtained with an ideal spherical indenter of radius R' and a spherical indenter whose instantaneous equivalent radius R Bc is obtained from the simultaneous equality of contact radii a c and indenter volumes V c under the contact surface.
In section 4, a reverse analysis model based on ideal spherical geometry is applied to ideal, initial, and corrected data to confirm the relevance of the proposed correction method.
Application of a reverse analysis model
In order to assess the relevance of the proposed correction method, the reverse analysis 11 shows the corresponding stress-strain curves, which provide a good illustration of the trends described above. The application of a reverse analysis model to the indentation curves calculated in this work confirms the relevance of the proposed correction method.
Conclusion
In this paper, the effect of imperfect spherical indenter geometry on the indentation curve was numerically investigated, and correction methods were proposed to transform the indentation curve into one obtained with an ideal spherical indenter, in order to use reverse analysis models developed for spherical indenters. Results showed that a relevant method to correct the effect of imperfect spherical indenter geometry is to consider the equality of mean contact pressures obtained with an ideal spherical indenter and a spherical indenter whose instantaneous equivalent radius is obtained from the simultaneous equality of contact radii and indenter volumes under the contact surface. The application of a reverse analysis model on the indentation curves confirmed the necessity of a correction method and the efficiency of the proposed method.
In conclusion, with the knowledge of the real indenter geometry and the contact radius, reverse analysis models based on ideal spherical indenter geometry can be efficiently applied on indentation curves obtained with an imperfect indenter using the proposed method.
This is of particular interest in the case of low scale indenters for which perfect indenter geometry is difficult to achieve. In future work, the effect of indenter deformation and the determination of the contact radius will be investigated. Table 1a   Table 1b   Table 1c   Table 1d 
